Successful application of potent antibody-based T-cell engaging immunotherapeutic strategies is currently limited mainly to hematological cancers. One major reason is the lack of wellcharacterized antigens on solid tumors with sufficient cancer specific expression. Aberrantly O-glycosylated proteins contain promising cancer-specific O-glycopeptide epitopes suitable for immunotherapeutic applications, but currently only few examples of such antibody epitopes have been identified. We previously showed that chimeric antigen receptor T-cells directed towards aberrantly O-glycosylated MUC1 can control malignant growth in a mouse model. Here, we present a discovery platform for the generation of cancer-specific monoclonal antibodies targeting aberrant O-glycoproteins. The strategy is based on cancer cell lines engineered to homogeneously express the truncated Tn O-glycoform, the so-called SimpleCells. We used SimpleCells of different cancer origin to elicit monoclonal antibodies with selectivity for aberrant O-glycoproteins. For validation we selected and characterized one monoclonal antibody (6C5) directed to a Tnglycopeptide in dysadherin (FXYD5), known to be upregulated in cancer and promote metastasis. While dysadherin is widely expressed also in normal cells, we demonstrated that the 6C5 epitope is specifically expressed in cancer.
Introduction
Classical cancer immunotherapy relies on monoclonal antibodies that can differentially or exclusively target cancer cells (Hendriks et al. 2017) . Potent immunotherapeutic strategies are currently available with antibodies in drug-loaded formats (Pastan et al. 2006 ) and with immune cell engaging strategies such as chimeric antigen receptors (CAR) (Kalos and June 2013) and bispecific T-cell engaging antibodies (BiTE) (Baeuerle et al. 2009 ). These recent developments have imposed demands for antibodies targeting truly cancer-specific antigens due to risks of targeting normal cells (Steentoft et al. 2018) . CAR T-cells have been very successful in treatments of hematologic malignancies targeting lineage-specific antigens such as CD19 on dispensable cells (Brentjens et al. 2013; Grupp et al. 2013; Davila et al. 2014; Maude et al. 2014) , while application of CAR T-cells for the treatment of solid tumors face a number of challenges including lack of safe antigen targets (Maus and June 2016; Newick et al. 2017) . This is in particular due to the finding that few if any proteins are exclusively expressed by tumor cells, and even low levels of expression in normal tissues may result in severe toxicity or even death (Morgan et al. 2010) . Somatic cancer-specific mutations, often single nucleotide changes (Monach et al. 1995) , in a cancer cell may introduce cancer-specific epitopes. These mutations are often unique for a given patient's cancer and rarely shared by different cancer types, and they most commonly arise from mutations in genes encoding intracellular proteins that need to be recognized by T-cell receptors as mutant peptide-MHC complexes on the cancer cell surface. Currently therefore such epitopes are difficult to target, although recent developments in RNA encoded personal mutation vaccines suggest that personal mutations can be a feasible immunotherapy target in the future (Sahin et al. 2017) .
Aberrant posttranslational modifications are common features of cancer and these may induce cancer-associated neoantigens. In particular aberrant O-glycosylation leading to exposure of truncated immature O-glycans that are not found on normal cells have attracted substantial attention (Posey et al. 2016; RodrÍguez et al. 2018; Steentoft et al. 2018 ). These truncated O-glycans include Tn (GalNAcα1-O-Ser/Thr), STn (NeuAcα2-6GalNAcα1-O-Ser/Thr) and T (Galβ1-3GalNAcα1-O-Ser/Thr) (Figure 1 ), and their expression may result in the exposure of immunodominant O-glycopeptide epitopes that are highly restricted to cancer cells (Springer 1984; Schietinger et al. 2006; Sørensen et al. 2006; Tarp et al. 2007; Tarp and Clausen 2008) . The monoclonal antibody (mAb) 5E5 is a prominent example of an antibody targeting such an immunodominant Tn-glycopeptide epitope in the cancer-associated mucin MUC1 (Sørensen et al. 2006; Tarp et al. 2007 ). MAb 5E5 was originally generated by immunization with a chemoenzymatically produced glycopeptide (60-mer Tn-MUC1) coupled to Keyhole limpet hemocyanin (KLH), and it exhibits high-affinity binding to Tn-MUC1 (KD~2 nM) . Several other mAbs to aberrant O-glycosylated MUC1 have been generated (Taylor-Papadimitriou et al. 2018) including PankoMAb (Danielczyk et al. 2006) , and MY.1E12 (Yamamoto et al. 1996; Takeuchi et al. 2002) . Interestingly, spontaneous IgG antibodies to the Tn-MUC1 5E5 epitope may be found in cancer patients (Wandall et al. 2010; Pedersen et al. 2014) , and recently we demonstrated that T-cells genetically engineered to express a CAR based on the mAb 5E5 were able to induce targetspecific cytotoxicity and control malignant growth in xenograft mouse models of leukemia and pancreatic cancer (Posey et al. 2016) .
In general the immature truncated Tn and STn O-glycan haptens are considered promising immunotherapeutic targets as they are widely expressed in cancers (Itzkowitz et al. 1991; Springer 1997; Chia et al. 2016; RodrÍguez et al. 2018) , their expression correlate with poor prognosis and low overall survival (Springer 1984; Itzkowitz et al. 1990) , and truncation of O-glycosylation directly induce oncogenic features including increased proliferation and invasion (Radhakrishnan et al. 2014) . O-glycosylation is initiated in the Golgi by a family of 20 polypeptide GalNAc-transferase isoenzymes (GalNAc-Ts), and the elongated mature O-glycan structures found in normal cells are generated by successive actions of multiple glycosyltransferases located in the Golgi stacks (Tarp and Clausen 2008) . The most abundant normal O-glycans are based on the core1 (Galβ1-3GalNAcα1-O-Ser/Thr) and core2 (Galβ1-3(GlcNAcβ1-6) GalNAcα1-O-Ser/Thr) structures that both rely on the core1 synthase, C1GalT1. C1GalT1 is unique among glycosyltransferases as it requires a private chaperone, Cosmc, for folding and activity . A number of different mechanisms appear to underlie the characteristic aberrant truncated O-glycosylation found in cancer cells, including changes in the expression, organization and location of the responsible glycosyltransferases (Burchell et al. 1999; Marcos et al. 2004; Sewell et al. 2006; Gill et al. 2010 Gill et al. , 2013 , somatic mutations or hypermethylation of the COSMC gene (Ju and Cummings 2002 Ju et al. 2008; Radhakrishnan et al. 2014) , as well as changes in cellular pH (Axelsson et al. 2001; Hassinen et al. 2011) . Antibodies to the truncated O-glycan haptens are detectable in healthy individuals and are the basis of polyagglutinability with desialylated red blood cells (Dahr et al. 1975; Dausset et al. 1959) and titers of these increase in cancer patients (Springer 1984) . The affinity of glycan hapten antibodies are generally in the low mM range (Haji-Ghassemi et al. 2015) which is in striking contrast to the high affinity achievable for mAbs targeting glycopeptide epitopes (Steentoft et al. 2018) .
Here, we present a versatile strategy for discovery and generation of mAbs targeting cancer-specific truncated O-glycopeptide epitopes. The strategy employs glycoengineered cancer SimpleCell (SC) lines (Steentoft et al. 2011 ) displaying homogenous truncated O-glycans as a consequence of COSMC knockout (KO). We demonstrate a wide discovery potential of the strategy by using engineered breast, ovarian and pancreatic cancer SCs to generate six novel mAbs designated 6C5, 4B7, 2E2, 6G10, 1D5 and 5D10. We selected mAb 6C5 for detailed characterization and demonstrate how the epitope of such glycopeptide specific mAbs can be deciphered by combinatorial gene engineering using KO as well as knock-in (KI) in relevant cell models. MAb 6C5 was shown to be directed to a Tn-glycopeptide epitope in the cancer-associated dysadherin (FXYD5) cell membrane glycoprotein with dependence of a particular repertoire of GalNAc-Ts including the GalNAc-T7 isoform.
Results

SCs with homogenous O-glycoproteomes
We previously generated isogenic cancer SC lines with truncated O-glycans by KO of COSMC in human cell lines using precise gene editing strategies (Zinc finger nucleases (ZFN) or CRISPR/Cas9). The SCs express homogeneous Tn and/or STn O-glycans depending on the expression of ST6GALNAC1 in individual cell lines (Steentoft et al. 2011 . Here, we applied the SCs to develop a comprehensive strategy for the generation of cancerspecific mAbs towards aberrantly glycosylated O-glycoproteins.
Gene engineering was used to investigate the effects of glycosites by KO of GALNT genes, and we engineered SCs with STn O-glycoproteomes by KI of ST6GALNAC1 (Figure 1 ).
Generation of mAbs
Two different classes of immunogens can be generated from engineered SCs: (i) endogenous glycoproteins presented as whole fixed cells, membrane extracts, microvesicles, secretomes or affinity purified glycoproteins; and (ii) recombinantly expressed O-glycoproteins (Figure 1 ). In the current study we used affinity enriched Tnglycoproteins derived from cell lysates from breast (MDA-MB-231) and ovarian (OVCAR-3) cancer SCs , as well as microvesicles purified from a pancreatic cancer (T3M4) SC (Steentoft et al. 2011) . Affinity-enriched lysates were isolated by Triton X-100 extraction followed by lectin chromatography using the GalNAc-binding lectin Vicia villosa (VVA) and elution with GalNAc. While MDA-MB-231 SC only express the Tnglycoform ), OVCAR-3 SC express a mixture of STn and Tn, and we therefore included pretreatment with neuraminidase prior to lectin binding. On the contrary, the purified microvesicles were not neuraminidase treated, which allowed for discovery of STn glycopeptide epitopes. Mice were immunized with these preparations and the obtained hybridoma supernatants were screened by immunocytochemistry on trypsinized acetone-fixed isogenic WT cells and SCs. Antibodies with preferred SC reactivity were selected for further analysis (Figure 1) . We used secondary anti-IgG to deselect common IgM antibodies to truncated O-glycan haptens (Takahashi et al. 1988) . When using microvesicles as the immunogen we obtained a significant number of hybridomas producing IgG Abs with strong binding to the T3M4 SC, however, only one of these clones, 5D10, did not react with T3M4 WT cells. When immunizing with affinity enriched Tnglycoproteins, we obtained fewer reactive mAbs, however, multiple clones with preferred SC reactivity were isolated (Figure 2 and Supplementary data, Figures S1 and S2 ). While several reactive hybridomas were lost during subcloning we cloned and stabilized the following six mAbs: 6C5, 6G10, 4B7, 2E2 (MDA-MB-231 SC), 1D5 (OVCAR-3 SC) and 5D10 (T3M4 SC). All six mAbs were IgG1 and exhibited strong binding to the respective SC without or with very weak reactivity with the corresponding WT cells (Figure 2A and Supplementary data, Figures S1 and S2 ). MAbs 5D10 and 1D5 did not react by Western blot analysis suggesting involvement of non-linear epitopes (unpublished data). In contrast, mAb 4B7 and 2E2 appeared to react with the same two bands around 100 kDa in total cell lysates of MDA-MB-231 SC, mAb 6G10 reacted with a 62 kDa band (Supplementary data, Figure S2 ), and mAb 6C5 recognized a band migrating around 45 kDa ( Figure 2 ). mAb 6C5 was selected for further characterization to serve as an illustrative example of how the binding specificity of glycopeptide mAbs can be elucidated by genetic engineering.
Characterization of mAb 6C5
First we used mAb 6C5 to stain a panel of SCs from various tissue origins including HEK293, T3M4, HeLa, Colo-205, IMR-32, MCF7 and HepG2 (Steentoft et al. 2011; with and without pretreatment with neuraminidase. While most SC lines were stained strongly, MCF7 SC displayed very faint staining and HepG2 SC was negative ( Figure 2B ), suggesting that mAb 6C5 recognized a specific Tn-glycoprotein. Neuraminidase enhanced the staining of 6C5 indicating that the preferred glycoform is Tn. Lack of STn reactivity by mAb 6C5 was confirmed by staining of HEK293 SC with KI of ST6GALNAC1 that predominantly expresses the STn glycoform (Supplementary data, Figure S3 ). Western blot analysis with MDA-MB-231 SC cell lysates showed that the 45 kDa band bound by 6C5 was also reactive with the Tnbinding lectin VVA. Moreover, mAb 6C5 immunoprecipitated (IP) the 45 kDa band ( Figure 2C ).
Mab 6C5 exhibits cancer-specific reactivity
We performed a pilot immunohistological study using tissue microarrays with paraffin-embedded cores from four different types of breast cancer, three different types of ovarian cancer and adenocarcinomas of stomach as well as normal appearing tissue adjacent to cancer. The results are summarized in Table I and representative images displayed in Figure 3 . mAb 6C5 was reactive with all three cancers ( Figure 3A -F) with breast cancer having the highest number of positive cores (carcinoma simplex: 14/25, atypical medullary carcinoma: 6/13, infiltrating duct carcinoma: 6/13 and scirrhous carcinoma: 7/12). Ovarian cancer had fewer positive cores (serous papillary cyst adenomas: 10/47, mucinous carcinomas: 3/6 and endometrioid adenocarcinomas: 4/7). In stomach 7/22 adenocarcinomas were stained. The percentage of positive cells in all the tested tumors varied from less than 30% to more than 60% (Table I ). The staining was mainly membraneous and cytoplasmic, although a subset of the cancer cores only showed a weak punctuate granular The SCs provide an unlimited source of immunogens with homogenous cancer-associated O-glycans either in the format of different cell extracts or recombinant expressed and purified glycoproteins. O-glycopeptide specific antibodies can be selected by screening on WT and corresponding isogenic SC and further characterized. Monosaccharide symbols follow the CFG recommended symbol nomenclature (Varki et al. 2015) .
intracellular staining (Table I) . In a few cancer cores mAb 6C5 labeled vascular endothelium and single dispersed cells possibly representing immune cells or detached cancer cells.
Eight normal breast cores were examined, six of which were completely negative ( Figure 3G ), while two cores showed a very faint granular intracellular staining in few cells with mAb 6C5. Normal appearing ovarian tissues were completely negative (10/10) ( Figure 3H ). In normal appearing stomach strong intracellular Golgi-like staining was observed with mAb 6C5 in mucous producing cells (15/41), and in 4 of those cores a small fraction of mucous producing cells stained homogenously throughout the cytoplasm ( Figure 3I ). No vascular endothelium staining was observed in any of the normal tissue cores.
The 6C5 glycopeptide epitope on FXYD5 requires the function of GalNAc-T7
To further identify the O-glycoprotein and epitope recognized by mAb 6C5, we screened a panel of engineered isogenic HEK293 SC with different repertoire of GalNAc-Ts (Narimatsu et al., in preparation) , and surprisingly found that reactivity was almost abolished in HEK293 SC with KO of GALNT7 ( Figure 4A ). This finding was confirmed by Western blot analysis where the~45 kDa immunoreactive band was undetected in lysates from HEK293 SC with KO of GALNT7 as well as in HEK293 WT cells with elongated O-glycans. Triple KO of the most abundant and broadly active GALNTs (GALNT1, T2 and T3) merely resulted in a slight reduction in the size of the immunoreactive band ( Figure 4B) .
We have in a separate study (Narimatsu et al., in preparation) performed differential O-glycoproteome analysis of HEK293 SC with and without the GaNAc-Ts known to be expressed in HEK293, including GalNAc-T7, using dimethyl labeled glycoproteins, lectin affinity chromatography and mass spectrometry (MS) sequencing as previously described . The differential Oglycoproteome identified a number of GalNAc-T7 specific substrates, and one of these glycoproteins, FXYD5 (also known as dysadherin), was previously reported to migrate at 50 kDa by SDS-PAGE Western blot analysis (Akopov et al. 2006) . Specific FXYD5 glycopeptides, e.g. T*DGPLVT*DPET*HKS*TK (*GalNAc) ( Figure 4C ) and T*DGPLVT*DPET*HKST*K showed minor differences in relative abundance after KO of GALNT7 ( Figure 4D ), however, when analyzing all the FXYD5 glycopeptides quantified by MS we considered these within the technical variability of the method, making it impossible to predict the specific glycopeptide epitope recognized by 6C5. We used an anti-FXYD5 mAb (NCC-M53) (Ino et al. 2002; Shimamura et al. 2003) to confirm by Western blot analysis ( Figure 5A ) and flow cytometry ( Figure 5B ) the expression of FXYD5 and demonstrate that the expression was unaffected by KO of GALNT7 in HEK293 SC. Both mAb 6C5 and NCC-M53 immunoprecipitated the 45 kDa band from HEK293 SC, however, the ability of 6C5 to immunoprecitate the 45 kDa band was selectively lost by KO of GALNT7 ( Figure 5C ).
To confirm the binding specificity of mAb 6C5 for FXYD5 we next targeted the FXYD5 gene by KO in HEK293 SC. The FXYD5 KO was validated by DNA sequencing as well as immunocytochemistry ( Figure 5D ), flow cytometry ( Figure 5B) , and Western blot analysis ( Figure 5A ). While KO of FXYD5 completely abolished 6C5 staining as evaluated by immunochytochemistry and Western blot analysis, we did observe weak residual reactivity by flow cytometry ( Figure 5B ). We could fully restore mAb 6C5 reactivity by expression of a full length FXYD5 expression construct in HEK293 SC with KO of FXYD5 ( Figures 4B and 5E) . Surprisingly, overexpression of FXYD5 resulted in two major bands reactive with NCC-M53 mAb, while mAb 6C5 only reacted with the upper 45 kDa band. We therefore tested reactivity of these bands with the anti-Tn lectin VVA and found that only the upper band was reactive with VVA indicating that the lower band represented an unglycosylated form of FXYD5.
The calculated size of the protein core of FXYD5 is <20 kDa, however, a significantly larger size (50-55 kDa) has been reported in human cancer cells (Ino et al. 2002; Gabrielli et al. 2011) . The larger size is likely related to the dense O-glycosylation of FXYD5 (Tokhtaeva et al. 2016) , in agreement with our findings here. We did find though that the lower molecular weight form without apparent Oglycans migrated at~32 kDa, suggesting the presence of other posttranslational modifications (Lubarski Gotliv 2016) or simple abnormal electrophoretic mobility of FXYD5 (Lubarski et al. 2005) .
To further narrow down the binding epitope of mAb 6C5 we predicted that the epitope could be placed in a sequence of FXYD5 (FXYD5 : TDGPLVTDPETHKSTKAAHPTDDTTTLSER) where we identified multiple O-glycosylation sites by MS. We used the FXYD5 81-110 peptide as substrate for in vitro enzyme assays monitored by MALDI-TOF. We tested the three ubiquitous expressed and dominant GalNAc-T1, -T2 and -T3 isoenzymes alone as well as in combination with the GalNAc-T7. The GalNac-T7 isoenzyme is . MAb 6C5 showed cell surface immunofluorescence in four types of breast cancers, i.e. carcinoma simplex (A), infiltrating duct carcinoma (B), scirrhous carcinoma (C), atypical medullary carcinoma (D) as well as serous papillary cystadenocarcinoma from ovary (E) and adenocarcinoma from stomach (F). Cancer adjacent normal breast (G) and ovary tissue (H) did not react with mAb 6C5, whereas cancer adjacent normal appearing stomach tissue presented with strong intracellular granular staining in most mucous producing cells (left pointing arrow) and a few of those also gave a more homogenous pattern throughout the cell (right pointing arrow) (I).
known to function as an follow-up enzyme and requiring initial GalNAc residues attached in order to function . We observed no glycosylation of the peptide with GalNAc-T7 alone, while GalNAc-T1 incorporated multiple GalNAc residues (Supplementary data, Figure S4 ), GalNAc-T2 a single residue and GalNAc-T3 none (not shown). Glycosylation with the combination of GalNAc-T1 and GalNAc-T7 resulted in a heterogeneous mixture of GalNAc-glycopeptides with 0-8 GalNAc residues incorporated (Supplementary data, Figure S4 ). The MS spectrum of this heterogeneous mixture was difficult to unambiguously interpret and could not define the specific glycosites contributed by GalNAc-T7. We therefore tested 6C5 reactivity in ELISA with purified glycopeptides from the reaction mixtures ( Figure 5F ), and while mAb 6C5 did not react with unglycosylated FXYD5 81-110 peptide or the peptide glycosylated with GalNAc-T1 alone, it showed strong reactivity towards the FXYD5 81-110 peptide glycosylated with both GalNAc-T1 and T7. Thus, narrowing the epitope of 6C5 down to the 81-110 region of FXYD5 and requiring complex regulated O-glycosylation involving GalNAc-T7 in agreement with the studies of HEK293 cells with KO of GALNTs (Figure 4) . MAb 6C5 showed weak reactivity with the control Tn-MUC1 glycopeptide, which may represent cross-reactivity with the Tn-hapten structure at high concentrations as also found for other Tn-glycopeptide specific mAbs (Sørensen et al. 2006 ).
Discussion
Here, we present a strategy to generate cancer-specific mAbs directed to truncated O-glycopeptide epitopes using gene edited cancer cells displaying homogeneous truncated O-glycoforms. The strategy can be applied to any desired cancer cell line, designed to target the three most cancer-associated O-glycans (Tn, STn, T) as well as different patterns of O-glycans by manipulation of the GalNAc-T repertoire. A broad selection of immunogens, ranging from whole cells to purified recombinant glycoproteins, can be extracted from the engineered cells and used for immunization and screening. The Fig. 4 . The mAb 6C5 epitope is dependent on GalNAc-T7 glycosylation. KO of GALNT7 in HEK293 SC (SC T7 KO) removed mAb 6C5 staining as shown in panel (A) using anti-Tn (mAb 5F4), anti-GalNAc-T7 (mAb 8B8) and anti-GalNAc-T2 (mAb 4C4) as controls. (B) The lack of 6C5 reactivity upon GALNT7 KO was confirmed by Western blot on HEK293 cell lysates were triple KO of GALNT1, GALNT2 and GALNT3 (SC T1/2/3 KO) did not affect 6C5 reactivity. (C, D) MS spectra from a quantitative differential glycoproteome analysis of HEK293 SC and HEK293 SC GALNT7 KO. The figure depicts the two spectra obtained for FXYD5 with the largest values for quantification difference. strategy provides pairs of isogenic cells suitable for rapid screening and selection of antibodies targeting aberrant O-glycopeptide epitopes. We applied the strategy with different types of complex immunogens and obtained six IgG1 mAbs with selective reactivity to cancer cells displaying homogeneous Tn/STn-glycoforms of their proteomes. Importantly, by screening only for IgG mAbs the common natural IgM Tn-hapten antibodies are avoided (Takahashi et al. 1988; Wandall et al. 2010) .
Given the potential of truncated O-glycopeptide epitopes as high-affinity cancer-specific immune targets, it may be surprising that antibodies targeting these have been elusive after decades of attempts to produce mAbs to cancer cells. The major explanation likely lies in the great heterogeneity in O-glycosylation both with respect to glycosylation sites and structures as well as technical difficulties in characterization and validation of antibodies targeting such epitopes (Steentoft et al. 2018) . Only recently it has become possible to produce recombinant O-glycoproteins with a homogenous Tn glycoform (Yang et al. 2014) , and in vitro chemoenzymatic generation of glycopeptide immunogens are still not practical for proteome-wide discoveries. Moreover, antibodies directed to aberrant O-glycopeptide epitopes may often be deselected in screening because of difficulties in validating the protein target. Thus, previous studies using unmodified cancer cell lines have mainly generated low affinity antibodies to O-glycan haptens (Hirohashi et al. 1985) , although exceptions exist (Matsuura and Hakomori 1985) . There are still only a few examples of well-characterized mAbs with restricted specificities for Tn-glycopeptide epitopes (Matsuura and Hakomori 1985; Sørensen et al. 2006; Brooks et al. 2010; Steentoft et al. 2018) . In a study using the Jurkat lymphoblastoid cell line, which is a spontaneous COSMC mutant, several Tn-hapten mAbs as well as two mAbs with apparent O-glycopeptide specificity were generated after multiple complicated screening steps . Originally, in an attempt to develop a synthetic Tn-hapten vaccine we used a highly clustered Tn-glycopeptide based on the MUC2 tandem repeat sequence, however, we exclusively found antibodies directed to Tn-MUC2 glycopeptide as exemplified by the PMH1 mAb (Reis et al. 1998 ). This led us to develop a panel of mAbs to Tn-MUC1 using defined glycopeptides coupled to KLH as immunogens (Sørensen et al. 2006; Tarp et al. 2007) , and the same strategy was used to develop cancer-specific IgG Tn-MUC1 responses in humans (Sabbatini et al. 2007; Wandall et al. 2010 ).
Other mAbs with truncated O-glycopeptide specificities include MY.1E12 to the ST glycoform of MUC1 (Takeuchi et al. 2002) , PankoMAb to Tn/T glycoforms of MUC1 (Danielczyk et al. 2006) , and UN1 to Tn/T glycoforms of CD43 (Tassone et al. 1994; de Laurentiis et al. 2011) . The mAb 237 directed to a Tn-glycopeptide in murine podoplanin was discovered in a mouse spontaneous fibrosarcoma model as a result of a mutation in Cosmc (Schietinger et al. 2006) , and the Tn-glycopeptide epitope was shown to be immunodominant in mice eliciting a high-affinity IgG response specific to the Tn-glycopeptide (Steentoft et al. 2010) . The mAb 237 has furthermore shown promising results in a CAR and BiTE format (Stone et al. 2012) . A mAb towards sialylated human podoplanin has been reported (Kaneko et al. 2017) with apparent binding to the orthologous region of the epitope in the murine protein reactive with mAb 237 (Steentoft et al. 2010) . One of the first O-glycopeptide specific mAbs, FDC-6, was developed already in 1985 to an oncofetal form of fibronectin (Matsuura and Hakomori 1985) , and only after extensive work shown to react specifically with a Tn-hexapeptide located in the III CS variable region of fibronectin (Matsuura et al. 1988) . Almost 10 years later it was shown that this O-glycopeptide epitope is specifically induced by de novo expression of the closely related GalNAc-T isoenzymes, GalNAc-T3 and GalNAc-T6 (Wandall et al. 1997; Bennett, Hassan, Mandel, et al. 1999) . The expression of truncated O-glycopeptide epitopes thus not only depends on changes in O-glycan elongation but may also depend on the O-glycosylation sites occupied and require a specific GalNAc-T repertoire, as also demonstrated here for mAb 6C5. This clearly complicates discovery and validation of these epitopes and antibodies, but it also provides for a larger epitome space and increased cell and protein-specific regulation for this class of mAbs.
All current mAbs to Tn-glycopeptide epitopes exhibit characteristic cancer-associated or cancer-specific reactivity, and their discoveries were largely serendipitous in nature. There is little information guiding searches for such immunogenic aberrant O-glycopeptide epitopes, and the approach described here using isogenic SCs now provides an open discovery platform for mining the cancer truncated O-glycoproteome. The 6C5 Tn-glycopeptide epitope identified in dysadherin/FXYD5 illustrates the power of the strategy. FXYD5 is a type I membrane protein, part of the FXYD family of which all seven members are known to interact and affect the kinetic properties of the Na+/K+-ATPase (Garty and Karlish 2006) . The extracellular domain of FXYD5 is extensively glycosylated, and while the calculated molecular weight is~20 kDa, FXYD5 has been reported to migrate at 50-55 kDa in human cancer cells (Ino et al. 2002; Gabrielli et al. 2011) . FXYD5 was initially named dysadherin due to its ability to reduce cell adhesion and promote metastasis (Ino et al. 2002; Tsuiji et al. 2003) , through E-cadherin dependent (Ino et al. 2002; Tamura et al. 2005) as well as independent mechanisms (Nam et al. 2006; Tokhtaeva et al. 2016) . Several clinical studies have correlated FXYD5 upregulation with cancer progression and poor patient outcome (Ino et al. 2002; Sato et al. 2003; Shimamura et al. 2003; Nakanishi et al. 2004; Shimada, Yamasaki, et al. 2004; Wu et al. 2004; Batistatou et al. 2005 Batistatou et al. , 2006 Nishizawa et al. 2005; Nam et al. 2007; Mitselou et al. 2010; Maehata et al. 2011; Park et al. 2011; Lee et al. 2012) , and FXYD5 overexpression has been associated with oncogene activation or tumor suppressor mutations (Robinson et al. 2003; Bild et al. 2006) , altogether suggesting that FXYD5 could be a promising target for cancer immunotherapy. However, FXYD5 is also widely expressed in normal tissue (Lubarski et al. 2005) , and traditional antibodies targeting the core protein would be expected to result in adverse effects. In contrast, mAb 6C5 developed here targeting a cancer-specific Tn-glycoform of FXYD5 may provide a safe therapeutic target even with potent T-cell engaging strategies.
The finding that the epitope of mAb 6C5 requires the specific function of the GalNAc-T7 isoform introduces the additional question of expression of GALNT7 in normal tissues and cancer. Several GalNAc-T isoforms have been shown to be dysregulated in cancer (Sutherlin et al. 1997; Gomes et al. 2009 ), and studies have implicated some isoforms in oncogenic processes (Taniuchi et al. 2011; Matsumoto et al. 2012; Lavrsen et al. 2018) , however, little is known about GalNAc-T7. One study in human melanoma cells proposed that GalNAc-T7 is targeted by a microRNA, miR-30b/d, and that expression of miR-30b/d, and the consequent reduction of GalNAc-T7, results in increased metastatic behavior (Gaziel-Sovran et al. 2011 ). On the contrary other studies have suggested that miR-214 targets GalNAc-T7 and decreases cell migration and invasion in cervical and esophageal cancer (Peng et al. 2012; Lu et al. 2016) . MAb 6C5 stained more than 50% of all the breast cancer cores tested in this study, but interestingly the number of positive cells varied from a few single cells to more than 60% of the tumor (Figure 3 and Table I ). A more thorough histopathological study would be required to determine if 6C5 positive cells correlate with FXYD5 expression, differentiation status or metastatic potential as well as the relation to expression of GalNAc-T7. To verify surface expression in tissue, a confocal microscopy study should be performed, although the data presented here using FACS on unpermeabilized cells clearly indicate surface expression of the 6C5 antigen. Nevertheless, mAb 6C5 exhibited no binding with most normal tissue cores tested, apart from a strong intracellular Golgi-localized staining in normal stomach tissue and a few mucous producing cells that were stained homogenously throughout the cytoplasm (Figure 3 ). This pattern of reactivity is comparable to what we have observed with similar Tn-glycopeptide specific mAbs including mAb 5E5 to Tn-MUC1, and a key question for the future is to determine safety of these mAbs with potent immunotherapeutic measures. We have though demonstrated that use of mAb 5E5 as a CAR T-cell did not induce lysis of normal human primary cells including renal epithelial cells and pulmonary endothelial cells (Posey et al. 2016) . Thus, the strategy presented for generation of mAbs targeting aberrant O-glycopeptide epitopes may become a valuable tool for meeting the need for safe cancer-specific immune targets.
Material and methods
Cell line engineering
Human cell lines and corresponding COSMC KO (SC) and GALNT7 KO were cultured and generated by Zink Finger Nuclease based engineering as previously described (Steentoft et al. 2011; . KO of GALNT1, GALNT2, GALNT3 and FXYD5 in HEK293 SC were made using the CRISPR-Cas9 system as described elsewhere (Lonowski et al. 2017; Narimatsu et al. 2018) . The gRNA targeting FXYD5: 5′-TCGTTGGCCTGATTCTCCCC-3′ were designed by a Desktop Genetics-Horizon Discovery algorithm. KO clones with frame-shift mutations were identified by Indel Detection by Amplicon Analysis (IDAA) (Yang et al. 2015) and subsequent sequencing using the following primers; Fw:5′-GCCAGAGGTTTTT GCTCAGG-3′, Rv:5′-CAGGACAACGTTCACACGG-3′. We used a modified ObLiGaRe targeted KI strategy as previously described (Pinto et al. 2017) , utilizing two inverted ZFN binding sites flanking the ST6GALNAC1 full open reading frame in donor plasmid. The ST6GALNAC1 donor plasmid was transfected into HEK293 SC. The KI clones were screened by the immunocytochemistry staining with anti-STn (mAb 3F1) and then confirmed the targeted integration into the AAVS1 site with 5′ and 3′ junction PCR (Narimatsu et al., in preparation) .
Immunogen preparation
Cell lysis of cell pellets (4× T175 MDA-MB-231 SC or 2× T175 OVCAR-3 SC) were made in 1% Triton X-100 in lectin buffer (20 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 M Urea, 1 mM CaCl 2 , MgCl 2 , MnCl 2 and ZnCl 2 ) and protease inhibitor (cOmplete, EDTAfree (Roche)). The lysates were diluted with lectin buffer to a final concentration of 0.1% Triton X-100 and the OVCAR-3 SC lysate neuraminidase treated 1.5 h, 37°C with 0.01 U/mL neuraminidase (Clostridium perfringens, type VI (Sigma)). Samples were passed over 500 μL VVA coupled agarose beads (Vector Laboratories), preequilibrated with lectin buffer containing 0.1% Triton X-100. The beads were subsequently washed and eluted with 2 × 1 mL 0.4 M GalNAc in 20 mM Tris-HCl pH 7.4, 150 mM NaCl and 0.1% Triton X-100. Glycoprotein enrichment was confirmed by western blot by VVA detection and eluted glycoproteins were used for immunization.
Microvesicles were purified from 500 mL of serum free (48 h) cell culture medium from T3M4 SC by five centrifugation steps (10′ 150 × g, 30′ 300 × g, 30′ 850 × g, 30′ 10,000 × g, 1 h 100,000 × g all at 4°C). The obtained pellet was re-dissolved in PBS and used for immunization.
Immunization and mAb generation
Wild-type BALB/c mice were immunized with a single intraperitoneal injection of 20-40 μg protein of VVA-enriched glycoproteins (MDA-MB-231 SC and OVCAR-3 SC) or with a subcutaneous injection of microvesicle fraction (T3M4 SC) in a total volume of 200 μL (1:1 mix with Freunds adjuvant) three times, 3 weeks apart and finally an intraperitoneal boost without adjuvant. Three days after the fourth immunization splenocytes from one mouse were fused with NS1 myeloma cells as described previously (VesterChristensen et al. 2013) . Hybridoma supernatants were screened by immunocytochemistry on trypsinized and acetone-fixed cells ) after 10-12 days of culture using goat antimouse IgG-FITC (SouthernBiotech) as secondary antibody. Hybridomas producing Abs with significant reactivity to SC and not to WT cells were subjected to at least two limiting dilutions. Six mAb producing clones were finally selected for further characterization: 6C5, 2E2, 4B7, 6G10 (MDA-MB-231 SC), 1D5 (OVCAR-3 SC) and 5D10 (T3M4 SC) and all six were found to secrete IgG1.
Antibody characterization
For immunocytochemistry, cells were seeded on sterile coverslips coated with type I collagen (0.4 mg/mL) and cultivated for 2-3 days. The cells were then washed in cold PBS and fixed in cold 4% PFA for 10 min. After washing in cold PBS, the primary antibody (1 μg/ mL (NCC-M53 established at National Cancer Center, Tokyo, Japan), 0.5 μg/mL VVA-biotin, 10 or 100 × diluted hybridoma supernatant (6C5), undiluted hybridoma supernatant (5F4, 1E3, 4C4, 8B8) was added ON 4°C. After washing, the secondary antibody was added (anti-Mouse Ig-FITC (Dako)), 1:400 dilution in 2.5% BSA in PBS or 1:2000 strepdavidin-Alexa488 (Life technologies)) and incubated for 45 min, washed and mounted with ProLong ® Gold Antifade Mountant with DAPI (Life Technologies).
For immunohistochemistry, formalin fixed paraffin embedded tissue microarrays (Biomax) or were heated at 60°C 30 min, dewaxed, rehydrated and subjected to antigen retrieval by microwave treatment at pH 6 (citrate buffer). Sections were blocked with 10% calf serum, incubated overnight at 4°C with primary antibody (undiluted supernatant), rinsed and incubated with anti-Mouse Ig-FITC, 1:200 dilution in 2.5% BSA/PBS and incubated for 45 min. Slides were washed and mounted in Vectashield (Vector Laboratories, Inc). All images were acquired using Zeiss Axioscope 2 plus with an AxioCam MRc (40×).
For flow cytometry, cells were harvested by trypsin, washed in PBS, blocked in FACS buffer (2% Fetal bovine serum in PBS) and antibody added 45 min on ice (1 μg/mL (NCC-MC53), 1:100 × diluted hybridoma supernatant (6C5)). Cells were washed in FACS buffer, incubated 35 min on ice with anti-Mouse Ig-FITC, washed and analyzed on a FACS Calibur (Becton-Dickinson, Franklin Lakes, USA).
Cell lysis and subsequent IP was performed following a modified protocol (Marcon et al. 2015) . Cells were lysed in 1× high salt lysis buffer (10 mM, Tris-HCL, 420 mM NaCl, 0.1% NP-40), and protease inhibitor cocktail (cOmplete, EDTA-free (Roche)), subjected to 3× freeze-thaw cycles and sonication. The lysate was centrifuged, 13,000 rpm 10 min, and the protein concentration was measured by 280 nm absorption on nanodrop. For IP 800 μg of lysate was incubated with 1 μg of antibody (or 50 μL hybridoma supernatant) and incubated for 4 h 4°C. The 15 μL of Dynabeads TM Protein G (Invitrogen) were washed 3× in low salt lysis buffer (10 mM Tris-HCL, 100 mM NaCl, 0.1% NP-40), added to the lysate-Ab mix and incubated ON 4°C. Beads were washed with 4× low salt lysis buffer and eluted in 60 μL 0.5 M ammonium hydroxide or Novex NuPAGE LDS Sample Buffer with 20 mM DTT. For western blot, samples were mixed to a final concentration of 1x Novex NuPAGE LDS Sample Buffer and 20 mM DTT. After denaturation at 96°C for 10 min, the samples were loaded into a NuPAGE Bis-Tris 4-12% gel (Invitrogen) and electrophoresis was carried out at 200 V for 35 min. The proteins were transferred onto a nitrocellulose membrane at 30 V for 90 min and the membrane blocked in 5% skim milk (for antibody detection) or 1% polyvinylpyrrolidone (for VVA detection) in TBS-T. The membrane was incubated with primary antibody (1 μg/mL (NCC-MC53, VVA-biotin), 0.1 μg/mL (anti-GAPDH, FL-335 Santa cruise biotechnology), 10× diluted hybridoma supernatant (6C5)) in blocking buffer at 4°C overnight, washed and incubated with the secondary layer at room temperature for 1 h (rabbit antimouse Ig-HRP, goat anti-rabbit Ig-HRP or streptavidin-HRP (Dako, 1:4000 dilution)) and developed using the Thermo Scientific Pierce ECL Western Blotting Substrate kit.
GalNAc-T7 differential O-glycoproteome
The differential O-glycoproteome for GALNT7 KO cells were prepared and analyzed as previously described . Briefly, reduced and alkylated tryptic digest of HEK293 SC or HEK293 SC GALNT7 KO were labeled with light and medium isotopomeric dimethyl. The labeled digests were mixed in 1:1 ratio and glycopeptides were enriched on a VVA lectin agarose column (Steentoft et al. 2011) , followed by isoelectic focusing fractionation , and LC-MS and HCD/ETD-MS/MS analysis. Detailed methods are presented in (Narimatsu et al., in preparation) .
FXYD5 recombinant protein and glycopeptides
Full length FXYD5 with a C-terminal Myc-tag was cloned into the PTT5 vector. HEK293 SC FXYD5 KO cells were transfected with 1 μg of DNA using lipofectamin ® 3000 and cells were harvested after 48 h. Cell lysis, IP and western blot were performed as described above. A 30-mer peptide, FXYD5 81-110 , (TDGPLVTDPETHKSTKAAH PTDDTTTLSER) (SynPeptide) covering the identified glycosylation sites of FXYD5 was used for in vitro glycosylation using recombinant glycosyltransferases expressed as purified soluble secreted truncated proteins in insect cells, as previously described (Tarp et al. 2007; Pedersen et al. 2011) . Glycosylation of the peptide was performed in a reaction mixture (100 μL) containing 25 mM cacodylate buffer (pH 7.4), 10 mM MnCl 2 , 0.25% Triton X-100, 0.4 mg/mL FXYD5 81-110 peptide, 12 μg/mL GalNAc-Ts and 2 mM UDP-GalNAc. The reactions were incubated at 37°C, and product development was monitored by a time-course MALDI-TOF MS (Bruker, Autoflex), as previously described .
For ELISA assays, 100 μg of peptide was glycosylated with either GalNAc-T1 alone or in combination with GalNAc-T7, and resulting glycopeptides purified by C18 (Phenomenex, Jupiter, 5 μm, 300 Å, 250 mm) UHPLC (Thermo, Ultimate™ 3000). 96-well plates (MaxiSorp, Nunc) were coated overnight with peptides or glycopeptides diluted in coating buffer (Na 2 CO 3 -buffer pH 9.6) in the given concentration at 4°C ON. Plates were blocked with 150 μL/well PLI-P-buffer (PO 4 -buffer pH 7.4, Na/K, 1% Triton-X, 1% BSA) for 1 h at room temperature and incubated 1 h with the primary layer (0.5 μg/mL, VVA-biotin or 6C5). After 1 h of incubation with secondary layer (1:4000 Streptavidin-HRP or anti-IgG-HRP), the plates were developed with TMB+ chromogen (Dako) and stopped with 0.5 M H 2 SO 4 and read at 450 nm. All washing steps were performed with PBS-T (PBS-buffer pH 7.4, 0.05% Tween-20).
Supplementary data
Supplementary data is available at Glycobiology online.
